First principles calculations are performed for the interpretation of the L 2,3 x-ray absorption spectrum of calcium oxide and calcium fluoride. The first principles calculations are based on configuration interaction (CI) calculations using fully relativistic molecular spinors. The first principles results are compared to experimental data and also to calculations based on a semi-empirical crystal field multiplet model and also on a multichannel multiple scattering method. We show that the CI calculations show good agreement with experiment, both for bulk and for surface experiments. The remaining differences with experiment and between the theoretical models are discussed in detail.
Introduction
The calculation of core level spectra has a long history [1] . The x-ray absorption (XAS) spectral shape is described as the transition from a core state to an empty state. If one excites an electron from a 1s core state one can describe the XAS spectral shape essentially as probing the empty density of states in the presence of a core-hole. A large range of first principle calculations are based on this approach, including multiple scattering, band structure calculations and quantum chemical calculations. In addition to the well-known problems of the respective ground state calculations, the calculation of core excited states is further complicated by the usage of models and approximations to describe the core excitation.
The metal L 2,3 edge XAS of transition metal elements are strongly affected by multiplet effects, the overlap of the 2p and 3d wavefunctions yielding large two-electron integrals for the coupling between the core 2p and valence 3d states. Due to the large multiplet effects, the L 2,3 XAS spectra deviate significantly from the ground state density of states. It turns out to be not enough to describe the core-hole as an extra potential, but it is necessary to treat its full wavefunction character in the interpretation of the L 2,3 XAS spectral shape. Over the last 25 years, the transition metal L 2,3 edges have been successfully simulated with crystal field multiplet (CFM) and charge transfer multiplet (CTM) models [1] . The CFM and CTM models can accurately describe most L 2,3 XAS spectra, but they need one or more empirical parameters in such simulations. In this work we will focus on the possibilities to calculate metal L 2,3 edges of transition metal systems from first principles calculations. We have chosen CaO and CaF 2 as test cases, because calcium (Ca) L 2,3 calculations have been published using both CFM calculations [2] and multichannel multiple scattering (MCMS) calculations [3] . Recently, a number of first principles calculations have been published for systems with a band gap between the filled oxygen 2p-band and the empty 3d-band, in particular for TiO 2 . Both MCMS [4] and Bethe-Salpeter [5] have reached good agreement for the titanium L 2,3 edge of TiO 2 systems. Both MCMS and BetheSalpeter are, as yet, limited to systems with an empty 3d-band in the ground state, as in this case TiO 2 containing 3d 0 Ti 4+ ions. The CaF 2 and CaO spectra have a simple cubic unit cell with a band gap between the ligand 2p and the calcium 3d-band. This yields a relatively straightforward ground state calculation. The empty 3d-band implies that the final state contains a 2p 5 3d 1 configuration which has clearly separated peaks, allowing a detailed analysis. From such analysis, we intend to pinpoint some remaining differences between the first principles simulations and the experimental spectra, with the goal to further improve the accuracy of the first principles simulations. We will compare the calculations performed with the first principles configuration interaction (CI) method [6] [7] [8] with the semi-empirical calculations. In addition, we will compare them with the results from the published MCMS method [3] .
For the two above mentioned compounds, we will focus on the 2p XAS spectra of three calcium systems.
(1) CaO, octahedral Ca in a rock salt structure. (2) CaF 2 , an ionic Ca system with Ca in an eight-fold cubic symmetry. (3) The (111) surface of CaF 2 in order to study surface effects.
Calcium oxide, lime, is a crystalline mineral that exists in the rock salt structure, implying that a calcium atom is surrounded by six oxygen ligands. CaF 2 has the socalled fluorite structure. The Ca 2+ ions in this structure are surrounded by eight fluorine atoms in a cubic symmetry. The calcium atoms at the CaF 2 (111) surface can be assumed to have one of its eight surrounding fluorine ions missing, in other words the surface is fluorine terminated. Surface relaxation effects do not give large differences from bulk values for Ca-F distances [9] [10] [11] [12] [13] [14] , so no changes in the unit cell parameters from the bulk CaF 2 to the surface CaF 2 have to be taken into account in simulation of surface CaF 2 (111). Shi et al found that the CaF 2 (111) surface is the most stable with reference to CaF 2 (110) and (100) surfaces [10] . Experimental 2p XAS of CaF 2 and CaF 2 /Si(111) showed that the energy positions and relative intensities of both samples agree, except for one extra peak at the L 2 -edge. This peak was originally attributed to photon damage, possibly through photo-desorption of F atoms near the sample surface [15] . Himpsel et al made clear that the peak near the L 2 -edge was a so-called surface effect by using bulk Auger and ion detection modes [2] . Rieger et al suggested that at the CaF 2 /Si(111) interface, the oxidation state of the Ca atoms is modified to 1+ [16] .
Theory section
In this section we describe the methods that we have used for the XAS calculations: the semi-empirical CFM method in section 2.1 and the first principles CI method in section 2.2. Our results are compared with the MCMS method, which will be described in section 2.3.
The semi-empirical crystal field multiplet (CFM) method
The ground state of the calcium in CaO and CaF 2 is Ca 2+ (2p 6 3d 0 ) 1 S 0 , where the non-acting electrons in the L 2,3 -excitation process (1s, 2s, 3s, 3p) are neglected. In the final state of the x-ray absorption process, an electron is excited from the 2p-core level to the 3d and the 4s states in the dipole approximation. Since the transition to the 3d states is a hundred times stronger than to the 4s states, the transitions to 4s states are neglected in the calculations. According to the selection rules ( J = 0, ±1 and J = J = 0), the states that can be reached in atomic symmetry are 1 XAS calculations as performed in [2] were performed using the CFM model. This approach includes both electronelectron interactions and spin-orbit coupling for each open sub-shell of one atom. For simulation of the spectra, atomic Slater-Condon parameters are used, which are assumed to be 80% of their Hartree-Fock calculated values [17] . The Ca L 2,3 spectra are calculated from the sum of all possible transitions for an electron excited from the 2p-core level into an unoccupied 3d level. In the crystal field limit the ground state is approximated by a single electronic configuration 3d 0 . The 2p 5 3d 1 final state is affected by the 2p3d multiplet coupling, the 2p and 3d spin-orbit couplings and the crystal field potential in O h symmetry. The strength of the crystal field is described as an empirical parameter 10 Dq and that is optimized to experiment [18] . Recently a new interface program was written for the usage of charge transfer multiplet calculations [19] .
First principles configuration interaction (CI) method
The first principles CI method is applied to the calculation of 3d transition metal (TM) L 2,3 XAS. This method is equivalent to quantum chemical configuration interaction method using fully relativistic molecular spinors. A relativistic density functional theory (DFT) calculation is made using model clusters. Electronic correlations among 3d electrons and a 2p hole were rigorously calculated by taking the Slater determinants made by the DFT-MOs mainly composed of TM 2p and TM 3d spinors. The electronic correlations among TM 3d electrons and 2p core-hole are explicitly calculated [6] . The agreement between experimental and theoretical spectra is better when ligand p orbitals are included in the configuration interaction scheme [6] [7] [8] . The relativistic CI method used in the present work is the all-electron CI method. That means, not only the TM 2p, 3d and ligand p spinors, but also other core spinors are considered explicitly to construct Slater determinants.
The CI method is used to calculate the Ca L 2,3 XAS for calcium oxide (CaO) and calcium difluoride (CaF 2 ). The bulk crystals are simulated using the structure data from the website [20] , card numbers 1549 and 2591. CaF 2 has a lattice constant of 5.4630Å and CaO has a lattice constant of 4.8105Å. For XAS calculations on the (111)-plane of CaF 2 , the structure data of fluorite were reshaped to a hexagonal cell and the (111) surface was assumed to be fluorine terminated. by electrons. Since the Ca L 2,3 XAS is mainly ascribed to the transition between (ϕ Ca 2p ) 6 (ϕ Ca 3d ) 0 and (ϕ Ca 2p ) 5 (ϕ Ca 3d ) 1 configurations, Slater determinants corresponding to these two configurations were considered to describe the initial and the final state wavefunctions. Thus the number of Slater determinants for the initial and the final states for XAS were 1 and 60, respectively. The exchange-correlation interactions among ϕ Ca 2p and ϕ Ca 3d electrons were rigorously calculated. In addition, the inter-electron interaction among ϕ Ca 2p /ϕ Ca 3d electrons and other core electrons was explicitly taken into account. Since this calculation produces sticks, an adjustable parameter for the broadening of the spectrum is needed. In this study we use a Lorentzian broadening of 0.3 eV for the whole spectrum of CaF 2 and 0.5 eV for the whole spectrum of CaO.
Multichannel multiple scattering (MCMS) method
Krüger et al have calculated the XAS of CaO and CaF 2 using a MCMS approach [3] . The MCMS theory was developed by Natoli et al [22] as a multiple scattering approach to correlated N-electron wavefunctions. The studied system is divided in the absorber atom with the strongly correlated Nelectron wavefunctions and the other (surrounding) atoms as environment. The correlated N-electron wavefunction, with a finite number N, contains at most one electron in a delocalized orbital and the rest of the electrons are in localized orbitals. All other electrons of the atoms in the environment are described within the independent particle approximation, where the reflectivity of the environment can be calculated using a singlechannel multiple scattering. What remains is the calculation of the multichannel matrix of the absorber with the N electrons, with a (partial) screening of the core-hole potential. As yet, the MCMS theory has only been applied to systems without electrons in the 3d-band in the ground state [3, 4, 21] . Method In this paper we compare the spectra as calculated with the CI method with spectra obtained from experiment as well as with semi-empirical CFM calculations and the published MCMS theoretical spectra.
Results
The results section is divided in the simulations of the 2p XAS of CaO (section 3.1), the 2p XAS of bulk CaF 2 (section 3.2) and the 2p XAS of surface CaF 2 (section 3.3).
2p XAS of CaO
In figure 1 the CI-calculated XAS of CaO is shown in comparison with the experimental L 2,3 -edge of calcium oxide powder, the MCMS calculation and a CFM multiplet calculation with 10 Dq = 1.2 eV. We have labeled the four main peaks with a 1 , a 2 , b 1 and b 2 . The L 3 edge contains the a 1 and a 2 peaks, which can be correlated with mainly t 2g and e g respectively. The b 1 and b 2 peaks are their L 2 analogs. Both first principles calculations as well as the CFM calculation simulate the experiment well. To make the comparison more quantitative, we will make a comparison between energy differences and intensity ratio between the peaks. We have chosen four characteristic numbers to quantify the calculations. The energy difference between b 2 and b 1 (b 2 − b 1 ) and also the intensity ratio between these two peaks are both related to the crystal field splitting. The Slater integrals allow the mixing of 2p → t 2g and 2p → e g transition channels. Without Slater integrals the b 1 /(b 1 + b 2 ) ratio is 0.6. The larger the Slater integrals are the smaller this ratio will be. The other parameters are the intensity ratio between L 3 and L 2 with L 3 /(L 2 + L 3 ) and the energy difference between b 2 and a 2 (b 2 − a 2 ), which is a measure for the distance between the L 3 and L 2 peaks and therefore for the 2p spin-orbit coupling. Table 1 shows the four characteristic numbers of the L 2,3 edge compared with the theoretical numbers. Compared with experiment, the CI calculations find a similar b 2 − b 1 distance, which indicates that the crystal field strength is calculated correctly. For the CI method, the crystal field splitting at Ca 3d levels can be obtained as the difference between averaged eigenvalues of t 2g and e g molecular spinors. This is 1.45 eV for the CaO 10− 6 cluster of CaO which is almost the same as the optimized 10 Dq value in CFM model as described below. The MCMS calculation finds a too large b 2 − b 1 distance indicating a too large crystal field effect. The ratio of the two L 2 peaks is a bit larger in the first principles calculations than in experiment. The branching ratio is correct in MCMS and a bit too large in CI. A remarkable result is that the b 2 − a 2 distance is too large in the MCMS and CI calculations, even though the 2p-core spin-orbit coupling is explicitly taken into account by solving the Dirac equation. The overestimation of b 2 − a 2 distance in our CI simulations could be ascribed to the fact that the relativistic effects on electron-electron interactions were not taken into account in the present calculations. The effect of Breit interaction, which is the first relativistic correction to the electron-electron interactions, have been discussed elsewhere [22] . If the Breit interaction is taken into account, the b 2 − a 2 distance might approach the value of the b 2 − a 2 distance of the experimental result.
The CFM calculations allow the manipulation of all the different factors that generate the spectral shape. We start with the assumption that all atomic parameters are as calculated for a Ca 2+ ion, using the 80% reduction of the Hartree-Fock values [17] . Increasing the crystal field value 10 Dq increases the b 2 − b 1 distance and also the b 1 /(b 1 + b 2 ) peak ratio. The experimental b 2 − b 1 distance is found for a 10 Dq value of 1.4 eV, but this yields a b 1 /(b 1 + b 2 ) peak ratio that is too high. We corrected the b 1 /(b 1 + b 2 ) peak ratio by increasing the Slater integrals to 90% of their Hartree-Fock values for 10 Dq = 1.4 eV. This yields the correct b 2 − b 1 distance and almost the correct b 1 /(b 1 + b 2 ) peak ratio. Also the branching ratio is exactly correct for this parameter set. This simulation suggests that the Slater integrals for CaO should not be reduced The values of the CI calculation are roughly compared to 90% of the Hartree-Fock values. The 80% which is commonly used in the CFM calculation is an arbitrary value where also 90% could have been chosen. This has been confirmed by studying the CFM calculation of CaO with 90% of the Slater integrals as mentioned above.
The Slater integrals in the CI calculation are taken from a DFT calculation, where the electronic correlation effects are partially taken into account. However, charge transfer effects which are used in a multiplet calculation for considering the covalent bonding between the metal (Ca) and the ligand (O or F) were not taken into account. In CFM, these covalency effects could also be taken into account by further reducing the Slater integrals. In that sense it could be more reasonable to take the 80% values for the CFM calculation. However, in the present cases of the relative ionic compounds CaO and CaF 2 it seems that 90% Slater integrals give the best simulation result.
2p XAS of CaF 2
In figure 2 the experimental XAS of bulk CaF 2 powder and the calculations of Krüger [3] , Himpsel et al [2] and this study are shown. The main peaks are indicated with the symbols a 1 , a 2 , b 1 and b 2 . At first sight, the agreement between experiment and calculation is rather good for the semi-empirical crystal field multiplet calculation and the calculation by Krüger. The CI calculation is a little off in the L 3 to L 2 distance (b 2 − a 2 ). Quantitatively compared in table 3 it is indeed found that for the CI calculation the main difference between the CI calculation and the experiment comes from the difference between the b 2 and a 2 distance of the experimental and the CIcalculated spectrum. For the rest of the quantified parameters, the CI calculation is comparable or better than the MCMS and CFM calculations if compared with the experimental data. In the CI calculation the b 2 − a 2 distance is higher, 3.55, than for the experiment, 3.31. As mentioned above for the CI calculation of the XAS of CaO, this difference in b 2 − a 2 distance has been ascribed to a Breit interaction [23] . For CaO the difference in this b 2 − a 2 distance between experiment and the CI calculation was 0.2 and now for CaF 2 it is 0.24 eV.
Surface effects in XAS-CaF 2 (111) studied with CI multiplet calculations
The surface of CaF 2 (111) has been studied by Himpsel et al [2] , who have shown that near the intense peak of the L 2 -edge, a peak concerning surface effects is visible. Smaller effects are found in the low-energy shoulder of the main L 3 -peak. To simulate the CaF 2 (111), we have used the hexagonal lattice of CaF 2 in which the ab-plane is parallel to (111) surface.
In figure 3 the CI calculation for bulk CaF 2 is compared with the calculation for bulk CaF 2 in the (111) orientation. Here, the fluorine deficiency has not been taken into account yet. A small increase of the shoulder peaks of the main L 2 and L 3 edge in the 111-orientation is found and these are indicated with arrows. These increased intensities were ascribed by Himpsel et al [2] as surface effects. In our calculation of the CaF 2 in the 111-orientation, we notice that there is symmetrybreaking already. The reason of this symmetry-breaking becomes clear looking at cluster. The Madelung potential is only on one side of the cluster, for example the negative z axis. That is essentially the symmetry-breaking for the CaF 6− 8 cluster, on one side a Madelung potential and no potential on the other side. The symmetry-breaking in the (111)-orientation already increases these 'surface peaks' indicated with the arrows. This indicates that a combination of surface effects and symmetry-breaking causes the shoulder peaks in the XAS to increase.
It is assumed that the (111)-surface of CaF 2 is cut between the calcium and fluorine layer. So, we used a CaF 5− 7 cluster to calculate the XAS of surface CaF 2 . In the CI calculation one could calculate the s-and p-polarization of XAS and make a comparison with the experimental observations of Himpsel et al [2] . The calculated s-and p-polarized XAS are shown in figure 5 .
In the CI calculations all peaks in the s-and p-polarization of the experimental data are reproduced. The energy difference between L 2 and L 3 is, as expected from the discussion above, too large in the calculation.
The semi-empirical crystal field multiplet model could also fit the experimental s-and p-polarized XAS as is shown in [2] . Since the symmetry is lower for a surface, this means the crystal field has to be described by more than one parameter. This could in principle make it possible that more couples of crystal field parameters might be well fitted to the experimental data. In that case, the CI multiplet calculations would have the preference; also in the future for example in calculations on nano-sized systems or for interfaces. (111) with, from top to bottom, the s-polarized experimental spectrum (black), the s-polarized CI calculation (pink), the p-polarized experimental spectrum (blue) and the p-polarized CI calculation (red).
Discussion
The XAS calculations of the Ca L 2,3 -edge for bulk CaO and CaF 2 using the CI method show that there is a discrepancy in the L 2 − L 3 distance (indicated above with b 2 − a 2 ) compared to the experimental XAS. Above we have mentioned that one major reason is the neglect of the Breit interaction. In principle, one could include this Breit interaction in the XAS calculation, but at the expense of the costs of the calculation.
We also would like to point out the differences between the semi-empirical CFM and the CI method. The CFM starts from an atomic description described using a Hartree-Fock calculation. The Coulomb and exchange interactions of the interacting electrons in the XAS process (2p and 3d) are considered. Due to the lack of electronic correlation effects, Hartree-Fock overestimates the Slater integrals, which are therefore reduced to 90% or 80% to account for the atomic Slater integrals. The values of the Slater integrals have an important effect on the checked parameters b 1 /b 1 + b 2 , b 2 − b 1 and b 2 −a 2 distance and the branching ratio L 3 /(L 2 +L 3 ). Then the atom is put into a surrounding by introducing an empirical crystal field energy value.
On the other side, the CI method starts with DFTcalculated spinors of a real-space cluster of atoms. The DFT-calculated spinors already include some correlation and therefore the Ca 2p3d Slater integrals are reduced themselves rather than by an arbitrary number in the CFM calculation. However, the Slater integrals are further reduced if charge transfer effects, which account for covalent bonding between the Ca metal and the oxygen ligands, are included. Again to point out, the main difference with CFM is that with the CI method the XAS is fully calculated from first principles without introducing empirical parameters. This is mainly interesting for calculations on lower-symmetry materials.
Next to the neglect of the Breit interaction, other discrepancies between the experimental spectra and the CI calculation are most likely due to the approximations made in the calculation. These approximations include the size of the cluster with point charges around it, the use of a static cluster and taking into account too high symmetry in the calculation. There might also be non-local effects in an experimental XAS spectrum, which are neither accounted for in the CI model nor in the CFM model. However, even with all the approximations mentioned above one can still predict the XAS multiplet peaks originating from surface effects.
Conclusions
The XAS calculations and quantitative analysis of some peak features for calcium oxide (CaO) and calcium fluoride (CaF 2 ) show that the CI method is comparable or better than the semi-empirical crystal field method and the MCMS method in predicting the experimental spectrum. The effects of surface structures on the Ca-L 2,3 XAS of CaF 2 could be simulated by the CI method. For compounds that have a local symmetry lower than octahedral or tetrahedral, so for systems with symmetry-breaking, multiplet calculations for L-edge XAS using a first principles or ab initio method would have the preference over the CFM model. This is because the CFM model in the lower-symmetry cases needs more empirical parameters.
The suggested surface with a deficiency of fluorine atoms [24, 25] is used in our CI XAS calculations and gives good agreement with the experimental XAS. For studying surface effects in XAS, the calculations with the CI method have advantages over XAS calculations with the semi-empirical crystal field multiplet model, because it is directly calculated from the real-space input which you can obtain from experiments. The main discrepancy between the experimental XAS and the CI-calculated XAS is the L 2 − L 3 energy difference. This is ascribed to the neglect of the Breit interaction.
Summarized, the first principles CI method is a powerful real-space method for calculating L 2,3 -edge multiplet XAS of compounds with symmetry-breaking and this method reproduces the multiplet peaks very well. 
